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(57) ABSTRACT

A SiC MOSFET device having low specific on resistance is
described. The device has N+, P-well and JFET regions
extended in one direction (Y-direction) and P+ and source
contacts extended in an orthogonal direction (X-direction).
The polysilicon gate of the device covers the JFET region and
is terminated over the P-well region to minimize electric field
at the polysilicon gate edge. In use, current flows vertically
from the drain contact at the bottom of the structure into the
JFET region and then laterally in the X direction through the
accumulation region and through the MOSFET channels into
the adjacent N+ region. The current flowing out of the channel
then flows along the N+ region in the Y-direction and is
collected by the source contacts and the final metal. Methods
of making the device are also described.
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HIGH VOLTAGE MOSFET DEVICES AND
METHODS OF MAKING THE DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of Provisional U.S.
Patent Application Ser. No. 61/880,214, filed on Sep. 20,
2013, which application is incorporated by reference herein
in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
Grant No. DE-AR0000442 awarded by the Department of
Energy. The government has certain rights in the invention.

BACKGROUND

1. Field

This application relates generally to semiconductor
devices and methods of making the devices and, in particular,
to SiC MOSFET devices having lower specific on-resistance
and to methods of making the devices.

2. Background of the Technology

The properties of silicon carbide are suited for high-voltage
power electronic applications. One of the main advantages of
silicon carbide over silicon is its higher critical breakdown
field strength. Silicon carbide has breakdown field strength of
approximately 3 MV/cm compared to 0.3 MV/cm for silicon.
The 10x higher breakdown field strength of Silicon Carbide
enables semiconductor switches and rectifiers with higher
reverse blocking voltages and lower on state resistance
enabling superior power electronic system performance than
possible with Silicon. Silicon Carbide has a higher thermal
conductivity than Silicon enabling better heat dissipation in
the high voltage devices and in turn allowing the devices to
operate at higher power densities. The low intrinsic carrier
density of Silicon Carbide allows higher temperatures of
operation of the high voltage devices compared to that pos-
sible with Silicon high voltage devices.

There still exists a need, however, for SiC MOSFET
devices having improved properties including lower specific
on-resistance.

SUMMARY

A semiconductor device comprising at least one semicon-
ductor cell is provided wherein the semiconductor cell com-
prises:

asemiconductor substrate layer of a first conductivity type;
optionally, a buffer layer of a semiconductor material of the
first conductivity type on the substrate layer;

a drift layer of a semiconductor material of the first con-
ductivity type on the buffer layer or on the substrate;

a first well region of a semiconductor material of a second
conductivity type different than the first conductivity type
extending in a'Y direction in the drift layer;

a second well region of a semiconductor material of the
second conductivity type extending in theY direction in the
drift layer, wherein the second well region is spaced from the
first well region in an X direction perpendicular to the Y
direction and wherein the ends of the first and second well
regions are connected together to form a ring circumscribing
a JFET region in the drift layer;
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2

a first source region of a semiconductor material of the first
conductivity type extending in the Y direction in the first well
region, wherein the first source region has a depth less than
the depth of the first well region such that there is an under-
lying portion of the first well region beneath the first source
region and wherein the first source region is spaced from the
JFET region such that a portion of the first well region
remains between the JFET region and the first source region;

a second source region of a semiconductor material of the
first conductivity type extending in the Y direction in the
second well region, wherein the second source region has a
depth less than the depth of the second well region such that
there is an underlying portion of the second well region
beneath the second source region and wherein the second
source region is spaced from the JFET region such that a
portion of the second well region remains between the JFET
region and the second source region;

afirst heavily doped region of the second conductivity type
extending in the X direction between the first and second
source regions;

a second heavily doped region of the second conductivity
type extending in the X direction between the first and second
source regions and spaced from the first heavily doped region
in the Y direction;

a first source ohmic contact extending in the X direction
and contacting the first heavily doped region and the first and
second source regions adjacent thereto;

a second source ohmic contact extending in the X direction
and contacting the second heavily doped region and the first
and second source regions adjacent thereto, wherein the sec-
ond source ohmic contact is spaced from the first source
ohmic contact in the Y direction;

a gate dielectric layer on the drift layer and in contact with
the first source region and the second source region between
the first and second source ohmic contacts;

a gate electrode on the first gate dielectric layer, wherein
the gate electrode is spaced from the first and second source
ohmic contacts in the Y-direction;

an interlayer dielectric on the gate electrode and on a
peripheral portion of the first gate dielectric layer not covered
by the gate electrode; and

a source metal region in contact with the source ohmic
contacts;

wherein the gate electrode extends over the first and second
source regions in the X direction.

A method of making a semiconductor device is also pro-
vided which comprises:

implanting first and second well regions extending in a
Y-direction in a drift layer of a semiconductor material of a
first conductivity type, wherein the drift layer is on a sub-
strate, wherein the first and second well regions are of a
second conductivity type different than the first conductivity
type and wherein the first and second well regions are spaced
from one another in an X-direction perpendicular to the Y-di-
rection and are connected together at the ends to form a ring
circumscribing a JFET region of semiconductor material of
the first conductivity type;

implanting first and second source regions of the first con-
ductivity type extending in the Y-direction in the first and
second well regions, respectively, wherein the first and sec-
ond source regions are implanted to a depth less than the
depth of the first and second well regions such that there is an
underlying portion of the first and second well regions
beneath the first and second source regions and wherein the
first and second source regions are spaced from the JFET
region in the X-direction;
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implanting a first heavily doped region of the second con-
ductivity type in the drift layer extending in the X-direction
between the first and second source regions;

implanting a second heavily doped region of the second
conductivity type in the drift layer extending in the X-direc-
tion between the first and second source regions and spaced
from the first region in the Y-direction;

forming a first source ohmic contact extending in the X
direction and contacting the first heavily doped region and the
first and second source regions adjacent thereto;

forming a second source ohmic contact extending in the X
direction and contacting the second heavily doped region and
the first and second source regions adjacent thereto, wherein
the second source ohmic contact is spaced from the first
source ohmic contact in the Y direction;

forming a gate dielectric layer on the drift layer and in
contact with the first source region and the second source
region between the first and second source ohmic contacts;

forming a gate eclectrode on the gate dielectric layer,
wherein the gate electrode is spaced from the first and second
source ohmic contacts in the Y-direction;

forming an inter-level dielectric layer on the gate electrode
and on portions of the gate dielectric layer not covered by the
gate electrode; and

forming a source metal region on the inter-level dielectric
layer and in contact with the source ohmic contacts.

A semiconductor device comprising a plurality of semi-
conductor cells is also provided, wherein the semiconductor
cells include one or more active cells and one or more contact
cells;

wherein each of the active cells comprises:

a JFET region of semiconductor material of the first con-
ductivity type in a central portion of the semiconductor cell;

a well region of semiconductor material of a second con-
ductivity type different than the first conductivity type cir-
cumscribing the JFET region;

a source region of the first conductivity type formed in the
well region and circumscribing the JFET region, wherein the
source region is spaced from the JFET region and has a depth
less than the depth of the well region such that a portion of the
well region remains below the source region;

a gate dielectric layer on the JFET region, well region and
source region;

a gate electrode on the gate dielectric layer;

an interlayer dielectric on the gate electrode and on a
peripheral portion of the first gate dielectric layer not covered
by the gate electrode;

wherein each of the contact cells comprises:

a first layer of semiconductor material of the second con-
ductivity type;

a second heavily doped layer of semiconductor material of
the first conductivity type on the first layer;

heavily doped regions of the second conductivity type
formed in the first and second layer;

a source ohmic contact in a central portion of the cell and
contacting the heavily doped regions and the second layer;

wherein the second layer of each of the contact cells is in
electrical communication with the source regions of each of
the active cells;

wherein the first layer of each of the contact cells is in
electrical communication with the well regions of each of the
active cells; and

wherein the JFET regions and the well regions of each of
the active semiconductor cells and the second layer of the
contact cells are on a drift layer of semiconductor material of
the first conductivity type which is on a substrate layer of the
first conductivity type.
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These and other features of the present teachings are set
forth herein.

BRIEF DESCRIPTION OF THE DRAWINGS

The skilled artisan will understand that the drawings,
described below, are for illustration purposes only. The draw-
ings are not intended to limit the scope of the present teach-
ings in any way.

FIG. 1A is alayout view of a unit cell of a MOSFET device
according to a first embodiment.

FIG. 1B is a cross-section of the unit cell of FIG. 1A along
the cutline A-A'.

FIG. 1C is a cross-section of the unit cell of FIG. 1A along
the cutline B-B'.

FIG. 1D is a cross-section of the unit cell of FIG. 1A along
the cutline C-C'.

FIG. 1E is a cross-section of the unit cell of FIG. 1A along
the cutline D-D'.

FIG. 2A is alayout view of a unit cell of a MOSFET device
according to a second embodiment.

FIG. 2B is a cross-section of the unit cell of FIG. 2A along
the cutline E-E'.

FIG. 3A is alayout view of a unit cell of a MOSFET device
according to a third embodiment.

FIG. 3B is a cross-section of the unit cell of FIG. 3A along
the cutline F-F".

FIG. 4A is alayout view of a unit cell of a MOSFET device
according to a fourth embodiment.

FIG. 4B is a cross-section of the unit cell of FIG. 4A along
the cutline G-G'.

FIG. 5 is a layout view of a unit cell of a MOSFET device
according to a fifth embodiment.

FIG. 6 is a layout view of a unit cell of a MOSFET device
according to a sixth embodiment.

FIG. 7 is a layout view of a MOSFET device according to
a fifth embodiment.

FIG. 8 is a layout view of a MOSFET device according to
a sixth embodiment.

FIGS. 9A-9E are schematics illustrating a method of mak-
ing a MOSFET device.

FIGS. 10A and 10B are schematics of a single cell of a
MOSFET device having an integrated Schottky diode.

FIG. 11 is a schematic diagram showing two different
current paths in the lateral plane of the device shown in FIG.
1A from the JFET region to the silicide contacts.

FIG. 12A is a schematic showing the width of the silicide
contact and the channel width for a device as shown in FIG.
1A which has active channels in both the X and Y directions.

FIG. 12B is a schematic showing the width of the silicide
contact and the channel width for a device as shown in FIG.
10A which has active channels only in the Y-direction.

DESCRIPTION OF THE VARIOUS
EMBODIMENTS

The Double Diffused Metal Oxide Semiconductor Field
Effect Transistor (DMOSFET) is a commonly used power
semiconductor switch. Since there is very little diffusion of
dopants in Silicon Carbide, ion implantation is the predomi-
nant method for formation of doped regions in SiC. For this
reason, DMOSFETs in SiC stand for Double Ion Implanted
MOSFETs.

A “stripe” geometry is commonly used for DMOSFET
devices in which the heavily doped P regions, the P-type
wells, the n-type source regions and the source contacts are
arranged as parallel stripes along the unit cell width or Y
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direction of the device. During the off-state of the DMOS-
FET, the drain terminal is biased at high voltage (for example,
the drain to source voltage can be at 1200 volts), the gate and
source terminals are biased at the ground potential corre-
sponding to 0 volts. The large reverse voltage is supported by
the depletion region of the P-N junction diode formed by
P-well to N-drift regions. During on-state of the DMOSFET,
the application of a gate bias greater than the threshold volt-
age results in current flow from the drain terminal at the
bottom of the structure to the source terminal at the top of the
structure.

It is desirable for a DMOSFET switch to have the lowest
possible on-state resistance to minimize conduction power
loss. The specific on-resistance is a key performance metric
for a DMOSFET. Specific on-resistance is a measure of the
on-state resistance of the DMOSFET per unit active area and
is typically expressed in units of Ohm-cm?. For the same
active area (active area is defined as the product of cell pitch
or the length of the cell in the X direction and unit cell width
in the Y-direction), a DMOSFET with a lower specific on-
resistance will achieve a lower on-state resistance (expressed
in units of Ohms) compared to a DMOSFET with a higher
specific on-resistance.

The on-resistance of the MOSFET is the sum of the resis-
tance of different regions in the MOSFET through which the
current passes between the drain terminal at the bottom and
source terminal at the top. The current flows vertically from
the drain at the bottom of the structure through the drift region
into the region between the P-wells (referred to as the JFET
region). At the surface of the JFET region (i.e., the interface
between the semiconductor and dielectric material), the cur-
rent flow changes from a vertical direction to a lateral direc-
tion. This semiconductor-dielectric interface at the JFET
region surface where the current changes direction is some-
times referred to as the accumulation region. From the accu-
mulation region, the current flows laterally through the MOS-
FET channels on both sides of the JFET region and the
adjacent N+ region before it is collected vertically into the
adjacent silicide contact and final metal of a conventional
device with a stripe geometry. From this description, it is clear
that the DMOSFET current flow (typically >95%) at the
surface is primarily in the direction of the X-axis, parallel to
the length of the MOSFET channels.

The key contributors to the on-state resistance of the
DMOSFET are MOSFET channel resistance, JFET region
resistance, drift region resistance and the substrate resistance.
Each of the above resistance components are minimized for a
target reverse blocking voltage (for example a DMOSFET
with a reverse blocking voltage target of 1200V). In an opti-
mized SiC DMOSFET, the channel resistance is typically the
most significant resistance component due to poor inversion
layer mobility. One way to reduce the channel resistance
component of the DMOSFET specific on-resistance is by
increasing the channel width per unit area; this can be accom-
plished by reducing the cell pitch of the unit cell.

The cell pitch of a “stripe” geometry DMOSFET unit cell
is defined by the JFET region width, channel length, polysili-
con gate overlap MOSFET channel spacing, silicide contact
to polysilicon gate spacing, width of P+ region and N+
regions. The JFET width and the channel length are device
design parameters and are typically minimized while achiev-
ing the key electrical performance targets. The minimum
dimensions of the other parameters such as polysilicon gate
overlap channel spacing, silicide contact to polysilicon gate
spacing, width of P+ region and N+ regions are determined by
the process technology rules for ensuring manufacturability.
These parameters can be considered as “overhead” since they
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do not contribute directly to the device performance, but
make up 40-50% of the cell pitch. These “overhead” param-
eters results in a larger cell pitch and increase the specific
on-resistance of the DMOSFET due to increased active area.
There is thus a need for DMOSFET designs that minimize the
impact of the “overhead” parameters and enable a further
reduction in the specific on-resistance of the DMOSFET by
maximizing the channel width for a given active area.

Different layouts and structures are described below that
enable a lower specific on-resistance DMOSFET by mini-
mizing the impact of the process technology rules and by
maximizing the DMOSFET channel width for a given active
area.

FIG. 1A shows the layout view of a first embodiment of a
MOSFET device. To explain the differences and demonstrate
the benefits of the proposed DMOSFET structure compared
to a DMOSFET structure having a stripe geometry, device
cross-sections along different cutlines (such as A-A', B-B'
etc.) are shown in subsequent figures. FIG. 1B shows the
DMOSFET cross-section of the proposed structure along the
cutline A-A'. As shown in FIG. 1B, the DMOSFET current
flows vertically from the drain contact at the bottom of the
structure into the JFET region and then the current flows
laterally in the X direction through the accumulation region
and through the MOSFET channels into the adjacent N+
region. Unlike the DMOSFET having a stripe geometry, the
current is not vertically collected by the silicide contact at this
point.

The current flowing out of the MOSFET channel changes
direction laterally and flows in the N+ region in the Y-direc-
tion (refer to X-Y axis in FIG. 1A) along cutline B-B' in FIG.
1B. As shown in the device cross-section along cutline B-B'
(FIG. 1C), the current is eventually collected by silicide con-
tact and the final metal. The distance between the polysilicon
gate and the silicide contact is defined by process design
rules. With this layout approach, the silicide contact in the cell
is eliminated in the X-direction and this allows for a continu-
ous polysilicon gate over the unit cell. This in turn eliminates
the need for polysilicon gate to silicide contact spacing and
gate overlap of N+ spacing design rules almost eliminating
the entire “overhead” that is present in the prior art DMOS
structure and allows for shrinking of the cell pitch in the
X-direction by 40-50%. A shrink in the cell pitch reduces the
active area and lowers the specific on-resistance of the
DMOSFET.

Resistance of the N+ region through which the current
flows (along cutline B-B') before reaching the silicide contact
adds some resistance to the total DMOSFET resistance. How-
ever, this resistance is small compared to the reduction in
channel resistance component that is enabled. The extra N+
resistance and the extra P-well resistance, a result of the
elimination of the P+ region in the main device cross-section,
are important design considerations for designing the cell
pitch in the Y-direction for improved robustness of the device
to voltage transients.

Cross-section through C-C' line at end region of the cell is
shown in FIG. 1D. This cross-section contains the silicide
contact to the N+ and P+ regions that collect the current from
N+ and P+ regions, but it does not have any active MOSFET
channel. The end region can be considered as “overhead” for
this proposed DMOSFET layout.

As can be seen from FIG. 1A, the N+, P-well and JFET
regions extend in one direction (the Y-direction) and the by P+
and source contacts extend in an orthogonal direction (X-di-
rection) at spacing defined by the cell pitch in Y-direction. A
cross-section of the device through the D-D' cutline is shown
in FIG. 1E. As shown in FIG. 1E, the polysilicon gate runs
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over the JFET region and is terminated on the P-well region to
minimize electric field at the polysilicon gate edge. The dis-
tance between silicide contact and gate edge is defined by
process design rules. The height of the end-region (H2) is
primarily defined by the process design rules. The cell-pitch
in the Y-direction (H) is determined by the height (H1) of the
active region which contains the MOSFET channel and the
height (H2) of the end-regions.

In a typical 1200V DMOSFET design, the JFET width
(W1) can be 1 um to 6 um, cell pitch in X-direction (W) can
be 2 um to 10 um, active height (H1) can be 2 um to 20 pum,
end-region height (H2) can be 1 um to 4 um and cell pitch in
Y-direction (H) can be 4 um to 30 pm. For a higher or lower
voltage design, these numbers will be optimized accordingly.

The proposed structure as described in FIGS. 1A-1E
enables a 2x increase in channel width per active area com-
pared to the prior art DMOSFET. This in turn enables a
reduction in the channel component of the specific on-resis-
tance and the overall DMOSFET specific on-resistance com-
pared to a DMOSFET having a stripe geometry.

A second embodiment of a MOSFET device is depicted in
FIG.2A. As shown in FIG. 2A, a P+ stripe is added extending
in the Y-direction along cutline E-E' next to the N+ regions.
This P+ region is included to minimize the P-well resistance.
While this addition will increase the cell pitch in X-direction
(W), this design will allow a longer height (H1) of the active
section to be used in the Y-direction resulting in an increase in
channel width per active area. F1G. 2B is a cross-section of the
device through the E-E' cutline.

A third embodiment of a MOSFET device is depicted in
FIG. 3A. As shown in FIG. 3A, additional MOSFET channels
in the Y-direction are enabled by the addition of N+ regions
extending in the X-direction at the top and bottom of the
structure. The presence of the additional MOSFET channels
in this embodiment is illustrated by comparing the cutline
F-F' in FIG. 3B with the cutline D-D' of the embodiment
depicted in FIG. 1A. The additional MOSFET channel
increases the height (H2) of the end-region and increases the
cell pitch in Y-direction (H), but there is also an increase in
channel width per active area.

A fourth embodiment of a MOSFET device is depicted in
FIG. 4A. As shown in FIG. 4A, active MOSFET channel
regions are added in the middle of the cell by adding a P-well
stripe and an N+ stripe. The additional MOSFET channels
will increase the channel width. As shown in FIG. 4A, there
are no silicide contacts in the middle region of the cell. In the
device depicted in FIG. 4A, the current will travel along the
N+ stripe (refer to as cutline G-G' in FIG. 4A) in the X-direc-
tion and then the current will change directions to flow along
the Y-direction to be collected by the silicide contacts and
final metal. FIG. 4B is a cross-section of the device through
the G-G' cutline.

A fifth embodiment of a MOSFET device is depicted in
FIG.5. As shown in FIG. 5, the active region in the Y-direction
can be laid out in two sections. The first section can be a
straight line and second section connecting the straight sec-
tion to the inactive section can be at an angle. The length of the
straight section and the angle are the design parameters. This
layout can be used to reduce the P-well and N+ region resis-
tance between the channel and the silicide contacts.

A sixth embodiment of a MOSFET device is depicted in
FIG. 6. As shown in FIG. 6, the angled section may be con-
verted to a curve of any shape to further minimize the P-well
and N+ region resistance between the channel and the silicide
contacts.

A seventh embodiment of a MOSFET device is depicted in
FIG. 7. As shown in FIG. 7, this concept can be further
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extended to create a hexagonal cell structure. In this case, the
channel and N+ regions are laid out in hexagonal cells and
interconnected. As shown in FIG. 7, there are two types of
hexagonal cells-active cell and the contact cell. The active cell
contains the JFET region, the active MOSFET channel and
N+ regions. The contact cell contains the silicide contact to
N+ and P+ regions. Current flows vertically through the JFET
region in the active hexagonal cells and then laterally through
the MOSFET channel and then through the interconnected
N+ regions until it reaches a cell containing the silicide con-
tacts. Current is collected by silicide contact to N+/P+ and
transferred to the source final metal. This layout can be used
to increase the channel width per active area, also referred to
as the channel density by more than 3x compared to the prior
art layout. As shown in FIG. 7, each hexagonal contact cell is
surrounded by 6 hexagonal active cell.

An eighth embodiment of a MOSFET device is depicted in
FIG. 8. As shown in FIG. 8, the ratio of the number of
hexagonal active cells to the number of contact cells is larger
than in the device depicted in FIG. 7. The presence of fewer
contact cells increases the channel width per active area. The
layout can be optimized based on the need to maximize chan-
nel density vs. the need to minimize N+ and P-well resistance.

FIGS. 9A-9E are schematics illustrating a method of mak-
ing a MOSFET device as shown in FIG. 1A. The cross-
sections depicted are along the cutline A-A' of FIG. 1A.

FIG. 9A shows a starting epilayer stack. As shown in FIG.
9A, the starting epilayer stack comprises an N-type substrate,
an N-type buffer layer on the substrate and a N-type drift layer
on the buffer layer. Although the device depicted in FIG. 9A
includes an N-type buffer layer, the N-type buffer layer is
optional and the N-type drift layer can be formed directly in
contact with the N-type substrate.

FIG. 9B illustrates the formation of the P-type well and the
N+-type source regions. As shown in FIG. 9B, the p-type well
regions can be formed by deposition of an implant masking
material (oxide shown), patterning the implant masking
material (e.g., using an oxide etch) followed by implanting
the p-type wells. As also shown in FIG. 9B, a spacer (e.g.,
oxide) can then be deposited adjacent the patterned P-type
well implant masking material. The spacer can then be etched
and formed and the N+-type source regions can then be
implanted in the p-type well regions.

FIG. 9C illustrates the formation of the heavily doped
regions or P+-type regions at the ends of the device. As shown
in FIG. 9C, the P+ regions can be formed by depositing a
P+-type implant masking material (oxide shown), patterning
the masking material (e.g., etching the oxide masking mate-
rial) and implanting the P-type dopants through openings in
the mask. As shown in FIG. 9C, the P+-type implant is
blocked along the A-A' cutline. After deposition of the
P+-type implants, the implants can be annealed.

FIG. 9D illustrates the formation of the inter-level dielec-
tric (ILD) and polysilicon gate regions of the device. First, the
gate can be formed by oxidation followed by polysilicon
deposition and patterning a masking material on the polysili-
con. Polysilicon can then be selectively removed by etching.
The polysilicon is not etched along the A-A' cutline so selec-
tive removal is not illustrated in FIG. 9D. The inter-level
dielectric is then deposited on the polysilicon gate. Source
contacts can then be formed by patterning a masking material
and forming the contacts. The backside or drain contact can
then be formed. A metal liftoff procedure can be used for
contact formation. The contacts can then be annealed. Gate
contacts can also be formed at this stage of the process.

FIG. 9E illustrates final metal deposition and final metal
patterning and etching. As shown in FIG. 9E, final metal is
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deposited on the inter-level dielectric and in contact with the
source contacts at the ends of the device (not shown in FIG.
9E).

According to some embodiments, a device comprising an
integrated Schottky diode is provided. When added to a power
MOSFET, the integrated Schottky diode can reduce the
reverse conduction losses and reduce the switching losses of
the device. Also, the Schottky diode can prevent turn-on of the
MOSFET body-diode thereby ensuring long-term stability of
the MOSFET conduction properties and leakage currents. In
SiC MOSFETs, the presence of an integrated Schottky con-
tact can also prevent the formation and expansion of basal
plane dislocations that have been linked to degraded device
performance, including on-resistance and leakage current.

The integrated Schottky serves as an antiparallel rectifier to
provide low voltage drop during reverse conduction of the
semiconductor device. Also, by providing an integrated
Schottky contact in the MOSFET cell, the requirement for an
externally connected Schottky rectifier is eliminated, thus
reducing complexity and cost, and eliminating parasitic
effects due to interconnect inductances.

FIGS. 10A and 10B show diagrams of a single cell of a
MOSFET with an integrated Schottky diode. Although a
single cell is depicted in FIGS. 10A and 10B, a MOSFET
layout can include a multitude of repeating cells shaped in this
form. FIG. 10A is a schematic top-view layout of the cell
design including the integrated Schottky diode. As depicted
in FIG. 10A, the device includes two Schottky regions
wherein the rectifying Schottky contact is formed between a
metal layer and the drift-layer of the MOSFET. FIG. 10Bis a
schematic cross-sectional view of the MOSFET with inte-
grated Schottky contact viewed through the cut line H-H'
shown in FIG. 10A. As can be seen from FIG. 10B, the device
includes two Schottky regions wherein a rectifying Schottky
contact is formed between the final metal layer and the n-type
drift region.

By removing overhead and having a small JFET width
(e.g., <3 um), the design described herein allows a small cell
pitch and high channel density. According to some embodi-
ments, the small JFET width is enabled by adding an implant
in the JFET region that increases the JFET region doping.
Adding an implant to the JFET region minimizes the impact
of JFET resistance when the JFET width is minimized. With-
out the JFET implant, the JFET doping would be the same as
the drift layer doping (e.g., 1x10" to 2x10"° cm™). By using
a JFET implant, the doping can be increased to a higher
concentration than the drift layer. According to some embodi-
ments, the JFET implant can have a doping concentration of
5%10" to 5x10'% cm™.

The drift layer can have a doping concentration of 1x10'°
to 2x10'% cm™. The well regions (e.g., P well) can have a
doping concentration of 2x10'° to 2x10*® cm™>. The source
regions (e.g., N+ regions) and the heavily doped layer of
semiconductor material of the first conductivity type can have
adoping concentration of 1x10'° to 1x10?° cm~>. The heavily
doped regions of the second conductivity type (e.g., P+
regions) can have a doping concentration of 5x10'® to 1x10*°
cm™>. These doping concentration ranges are merely repre-
sentative and are not intended to be limiting. Other doping
concentrations can be used to provide a device having desired
characteristics for a given end use application. The heavily
doped regions of the second conductivity type can have a
higher doping concentration than the first and second well
regions. The source or N+ regions and the heavily doped layer
of semiconductor material of the first conductivity type can
have a higher doping concentration than the drift layer.
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According to some embodiments, a vertical DMOSFET
device is described wherein current flows in at least two
different directions in the lateral or horizontal plane (e.g., the
X andY directions) between the channel of the device and the
source contacts of the device. In a vertical DMOSFET device,
the majority of the current flows initially vertically from the
backside drain contact and through the drift region and into
the JFET region. The current then changes direction to flow
through the channel region in a lateral plane of the device.
According to some embodiments, at least 50% of the total
device current flows from the JFET region to the source
silicide contacts in at least two different directions in the
lateral plane of the device. According to some embodiments,
the second direction forms an angle with the first direction of
at least 50 degrees.

FIG. 11 is a schematic diagram showing current paths in a
device as shown in FIG. 1A. Initially the current flows from
the backside of the wafer vertically through the drift region
into the JFET region (not shown). As shown in FIG. 11, the
current flow can then take multiple paths from the JFET
region to the silicide contacts. For example, the current can
flow laterally through the channel to the source contacts in at
least two different directions (i.e., a first direction and a sec-
ond direction) before being collected at the source silicide
contact as shown by “Current Path 1”. The current in the
device can also flow laterally through the channel without
significantly changing direction prior to being collected at the
source silicide contact as shown in “Current Path 2”.

As shown in FIG. 11, some current in the device may flow
from the channel to the source silicide contact without sub-
stantially changing direction (e.g., “Current Path 2”). How-
ever, according to this aspect of the invention, at least 50% of
the total current in the device flows in first and second direc-
tions in a lateral plane of the device from the JFET region to
the source contacts wherein the second direction forms an
angle of at least 50 degrees with respect to the first direction.

According to some embodiments, a vertical DMOSFET
device is described wherein the width of the silicide contact to
the n-type regions is relatively small with respect to the chan-
nel width. According to some embodiments, the width of the
contact to the N+ doped region is less than 50% of the width
of the channel. FIG. 12A shows the width of the silicide
contact for a device as shown in FIG. 1A which has active
channels in both the X andY directions. In this embodiment,
the channel width is the total width of the channel in both the
X and Y directions (i.e., C1+C2+C3+C4). For the device of
FIG. 12A, the silicide contact width to the source is the total
width of the contact region that contacts the n-plus regions of
the device (i.e., S1+S2+S3+S4). FIG. 12B is a schematic
diagram showing the channel width for a device as depicted in
FIG. 10A which has active channel only in the Y-direction. As
shown in FIG. 12B, the channel width includes only the sum
of the channel widths in the y-direction (i.e., C1+C2), since
there is no active channel in the x-direction. As with the
device of FIG. 12A, the silicide contact width to the source for
the device of FIG. 12B is the total width of the contact region
that contacts the n-plus regions of the device (i.e., S1+S2+
S3+S4).

According to some embodiments, a vertical DMOSFET
device is described wherein current is not collected by the
source contact in the immediate vicinity of the majority of the
channel. Rather, the current flows a substantial length (e.g.,
>2 um or >a minimum feature size of the device) in an N+
doped region adjacent the channel before reaching the source
contact. As used herein, the minimum feature size of a device
is the minimum line width or line to line separation of the
device.
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According to some embodiments, a vertical DMOSFET
device is provided having a breakdown voltage >600V, a
minimum feature size >0.3 um and a cell pitch <6 pm.
According to some embodiments, a vertical DMOSFET
device is provided having a breakdown voltage >600V, a
minimum feature size >0.3 um and having a channel density
>350 mm/mm?.

While the foregoing specification teaches the principles of
the present invention, with examples provided for the purpose
of illustration, it will be appreciated by one skilled in the art
from reading this disclosure that various changes in form and
detail can be made without departing from the true scope of
the invention.

What is claimed is:

1. A semiconductor device comprising at least one semi-
conductor cell, wherein the semiconductor cell comprises:

asemiconductor substrate layer of a first conductivity type;

optionally, a buffer layer of a semiconductor material of the
first conductivity type on the substrate layer;

a drift layer of a semiconductor material of the first con-
ductivity type on the buffer layer or on the substrate;

a first well region of a semiconductor material of a second
conductivity type different than the first conductivity
type extending in a Y direction in the drift layer and
having first and second ends;

a second well region of a semiconductor material of the
second conductivity type extending in the Y direction in
the drift layer and having first and second ends, wherein
the second well region is spaced from the first well
region in an X direction perpendicular to the Y direction
and wherein the first ends of each of the first and second
well regions are connected together in the X direction by
regions of semiconductor material of the second con-
ductivity type and the second ends of each of the firstand
second well regions are connected together in the X
direction by regions of semiconductor material of the
second conductivity type to form a ring circumscribing a
JFET region in the drift layer;

afirst source region of a semiconductor material of the first
conductivity type extending in theY direction in the first
well region, wherein the first source region has a depth
less than the depth of the first well region such that there
is an underlying portion of the first well region beneath
the first source region and wherein the first source region
is spaced from the JFET region such that a portion of the
first well region remains between the JFET region and
the first source region;

a second source region of a semiconductor material of the
first conductivity type extending in the Y direction in the
second well region, wherein the second source region
has a depth less than the depth of the second well region
such that there is an underlying portion of the second
well region beneath the second source region and
wherein the second source region is spaced from the
JFET region such that a portion of the second well region
remains between the JFET region and the second source
region;

wherein the first and second source regions have first and
second ends which extend beyond the JFET region in the
Y direction;

afirst heavily doped region of the second conductivity type
extending in the X direction between the first ends of the
first and second source regions and contacting the first
and second well regions;

a second heavily doped region of the second conductivity
type extending in the X direction between the second
ends of the first and second source regions and spaced
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from the first heavily doped region in the Y direction and
contacting the first and second well regions;

a first source ohmic contact extending in the X direction
and directly contacting the first heavily doped region and
the first ends of the first and second source regions
adjacent thereto;

a second source ohmic contact extending in the X direction
and directly contacting the second heavily doped region
and the second ends of the first and second source
regions adjacent thereto, wherein the second source
ohmic contact is spaced from the first source ohmic
contact in the Y direction;

a gate dielectric layer on the drift layer and in contact with
the first source region and the second source region
between the first and second source ohmic contacts;

a gate electrode on the first gate dielectric layer, wherein
the gate electrode is spaced from the first and second
source ohmic contacts in the Y direction;

an interlayer dielectric on the gate electrode and on a
peripheral portion of the first gate dielectric layer not
covered by the gate electrode; and

a source metal region in contact with the source ohmic
contacts;

wherein the gate electrode extends over the first and second
source regions in the X direction.

2. The semiconductor device of claim 1, wherein the gate
dielectric and the gate electrode extends at least to an outer
edge of the first and second source regions in the X direction.

3. The semiconductor device of claim 1, wherein the semi-
conductor cell has a width in the X direction of 2 to 10 um.

4. The semiconductor device of claim 1, wherein the semi-
conductor cell has a length in the Y direction of 2 to 30 um.

5. The semiconductor device of claim 1, wherein the dis-
tance between the JFET region and a perimeter of the cell in
the Y direction is 1 to 4 um.

6. The semiconductor device of claim 1, wherein the JFET
region has a width of 1 to 6 um in the X direction.

7. The semiconductor device of claim 1, wherein the JFET
region has a length of 2 to 30 um in the Y direction.

8. The semiconductor device of claim 1, wherein the JFET
region, an outer perimeter of the ring circumscribing the
JFET region and the semiconductor cell are rectangular in
shape.

9. The semiconductor device of claim 1, further compris-
ing:
a third heavily doped region of the second conductivity

type extending in the Y direction on the drift layer adja-

cent the first source region opposite the JFET region; and

a fourth heavily doped region of the second conductivity
type extending in the Y direction on the drift layer adja-
cent the second source region opposite the JFET region;

wherein portions of each of the first and second source
ohmic contacts are on the third and fourth heavily doped
regions.

10. The semiconductor device of claim 1, further compris-

ing:

a third source region of a semiconductor material of the
first conductivity type extending in the X direction in the
well region adjacent the first heavily doped region,
wherein the third source region is spaced from the JFET
region such that a portion of the well region remains
between the JFET region and the third source region;

a fourth source region of a semiconductor material of the
first conductivity type extending in the X direction in the
well region adjacent the second heavily doped region,
wherein the fourth source region is spaced from the
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JFET region such that a portion of the well region
remains between the JFET region and the fourth source
region.

11. The semiconductor device of claim 10, further com-
prising:

athird well region of semiconductor material of the second

conductivity type extending in the X direction in the drift
layer in a central portion of the device and connecting
the first and second well regions thereby forming first
and second JFET regions; and

afifth source region of a semiconductor material of the first

conductivity type extending in the X direction in the
third well region and spaced from the first and second
JFET regions.

12. The semiconductor device of claim 1, wherein the first
conductivity type is N-type and wherein the second conduc-
tivity type is P-type.

13. The semiconductor device of claim 1, wherein the
device comprises a plurality of the semiconductor cells.

14. The semiconductor device of claim 1, wherein the
device is a SiC semiconductor device.

15. A vertical DMOSFET device comprising N-type
regions adjacent a channel region of the device and a silicide
contact to the N-type regions, wherein

greater than 50% of the current flows in at least a first

direction and a second direction in a lateral plane of the
device between the channel region and the silicide con-
tact, wherein the angle between the first direction and the
second direction is at least 50 degrees.

16. The semiconductor device of claim 1, wherein the
source metal region is in contact with the drift layer to form an
integrated Schottky contact.
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17. The semiconductor device of claim 1, wherein the
source metal region contacts the drift layer adjacent the first
and second heavily doped regions of the second conductivity
type to form integrated Schottky contacts.

18. The semiconductor device of claim 15, wherein the
channel current flows a first distance through the N-type
regions between the channel and the silicide contact and
wherein the first distance is greater than 2 pum or wherein the
first distance is greater than a minimum feature size of the
device.

19. A vertical DMOSFET device comprising N-type
regions adjacent a channel region of the device and an ohmic
contact to the N-type regions, wherein the width of the ohmic
contact to the N-type regions is less than 50% of the width of
the channel;

wherein the ohmic contact forms a boundary with each
N-type region and wherein the width of the ohmic con-
tact to the n-type regions is defined as the sum of the
lengths of each boundary between the ohmic contact and
the N-type regions; and

wherein each of the N-type regions forms a boundary with
the channel region and wherein the width of the channel
is the sum of the lengths of each boundary between the
n-type regions and the channel region.

20. The semiconductor device of claim 1, wherein the first
heavily doped region of the second conductivity type and the
second heavily doped region of the second conductivity type
are on and in contact with the drift layer.
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